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The direct transfer of genes into humans is an attractive approach for gene therapy because it avoids laborious and costly cell culture. Nonviral or viral vectors have been administered either intravascularly or intraparenchymally. In adult animals, the intravascular delivery of adenoviruses or cationic lipid-DNA complexes mostly results in expression in vascular-accessible cells such as endothelial cells or hepatocytes reached via the sinusoid fenestrae. 1, 2 We have previously shown that muscle can take up and express naked DNA or RNA. 3 More recently, we have found that naked plasmid DNA (pDNA) is expressed in hepatocytes when injected into the portal vein under increased osmotic and hydrostatic pressure which widens the sinusoid fenestrae and enhances pDNA extravasation. 4 The levels of pDNA expression in the liver were orders of magnitude greater than we had previously achieved from intramuscular injection of naked pDNA.
The intravascular delivery of naked pDNA to muscle cells is desirable. Muscle has a high density of capillaries 5 that are in close contact with the myofibers. 6 However, the endothelium in muscle capillaries is of the continuous, non-fenestrated type and has low solute permeability, especially to large macromolecules. 7 The mechanism of macromolecule transendothelial transport is poorly understood. Cell biologists have proposed that it occurs by transcytosis involving plasmalemmal vesicles or by convective transport through transient transendothelial channels formed by the fusion of vesicles. 8 Physiology experiments suggest that the muscle endothelium has a large number of small pores with radii of about 4 nm and a very low number of large pores with radii of 20-30 nm. 9 Although the radius of gyration of 6 kb pDNA is approximately 100 nm, 10 supercoiled DNA in plectonomic form has superhelix dimensions of approxi-
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Received 24 June 1997; accepted 24 September 1997 mately 10 nm. 11 This implies that pDNA is capable of crossing microvascular walls by stringing through the large pores. We hypothesized that the rate of pDNA extravasation could be increased by enhancing fluid convection through these large pores by raising the transmural pressure difference in selective regions. This report demonstrates that intravascular pDNA injections under high pressure can in fact lead to high levels of foreign gene expression in muscles throughout a selected hindlimb of an adult rat.
Four hundred and seventy-five micrograms of pCILux in normal saline solution (NSS) were injected into the femoral arteries of adult Sprague-Dawley rats while blood inflow and outflow were blocked (Figure 1 ). Injection of pCILux, a luciferase expression vector utilizing the CMV promoter (constructed by inserting the luciferase gene (HindIII-BamHI fragment from pBlueCMVLux) into the SmaI site of pCI) was done after both the femoral artery and vein were occluded for 10 min. Two days after the pDNA injections, the luciferase activity was measured in all the muscles of the hindlimb (Figure 2 ). The highest level of luciferase expression was achieved when the pCILux was injected in 9.5 ml of normal saline within 10 s. Injection volumes less than 9.5 ml resulted in substantially lower expression (Figure 2a ). Injection times more than 10 s also resulted in much less expression ( Figure 2b ). This critical dependence on the volume and speed of injection suggests that either increased hydrostatic pressure and rapid flow or both are required for efficient expression. Artery injections performed without occluding the femoral vein resulted in approximately 200-fold less expression (1.8 ± 1.2 ng of luciferase per all hindlimb muscles).
Further studies were performed to determine the effect of ischemia on the expression of the intravascularly injected pCILux. The degree of ischemia was adjusted by varying the time during which both the femoral artery and vein were occluded before pDNA injection ( Figure  2c) . Although the highest level of expression was obtained with 10 min of ischemia, the expression levels 
caudal epigastric, internal iliac and deferent duct arteries and veins to block both outflow and inflow of the blood to the leg. A 27 G butterfly needle was inserted into the external iliac artery and the DNA solution was injected by hand.
were only a few fold lower at shorter or longer ischemia times. This suggests that ischemia is not a critical factor for enabling egress of the pDNA out of the intravascular space. However, the blood flow for the zero ischemia time-point is disrupted for approximately 30 s and this may be sufficient to affect vascular permeability. Ischemia could increase expression either by capillary recruitment and vasodilatation or by augmenting permeability. 12 In addition, ischemia could increase pDNA expression by affecting transcription or translation. Ischemia can be tolerated by muscle for 2 to 3 h. 13 Histologic analysis of the muscle did not reveal any hemorrhage or myofiber damage.
Other factors were explored to increase the level of expression; hypotonic ( membrane of the capillaries and thereby increase pDNA egress. It could have also increased expression by disrupting the extracellular matrix within the muscle. Pre-injection with papaverine, a vasodilator, also caused a small increase in expression (Figure 3, condition  5 ). The highest levels were obtained when the legs were pre-injected with both papaverine and collagenase ( Figure 3, condition 6 ). Forty micrograms of collagenase per ml was used in condition 6 because the combination of 80 g collagenase per ml with papaverine resulted in some hemorrhage. Further studies are in progress to determine the optimal conditions for collagenase and papaverine administration without causing hemorrhage.
Luciferase expression was observed in all muscle groups in the leg ( Table 1 ). The reduced levels of expression in the lower anterior leg and foot are probably due to the high content of tendons and small muscles in this region. The total amount of luciferase expressed following intravascular injection was up to 40 times higher than the levels following intramuscular injection.
The type and percentage of the transfected cells in the muscle were determined using the ␤-galactosidase reporter system (Figure 4) . The vast preponderance of the ␤-galactosidase-positive cells were myofibers. Very few endothelial cells were stained blue. With the best injection condition (condition 6 in Figure 3 ), up to 50% of myofibers expressed ␤-galactosidase in many areas of the muscles. More quantitative analysis was performed by counting the percentage of positive cells in proximal, middle and distal cross-sections for each of the five muscle groups in four animals ( Table 2) . Approximately 1000 myofibers per section were evaluated in an unbiased manner by counting the number of unstained and stained myofibers within a grid box (containing a total of approximately 30 cells) that was moved continuously along the central vertical and horizontal parts of each section. In the upper anterior leg muscle group, 11 to 21% of the myofibers were positively stained. Similarly high percentages were observed in the lower posterior leg muscle group. Approximately half the percentage of cells were positive in the posterior and medial upper leg muscle groups. The percentages of positive cells were substantially less in the lower anterior muscle group. Of the 72 126 myofibers counted in all the sections in all the muscle groups of all four animals, 10.1% were ␤-galactosidase-positive.
These expression results provide indirect evidence that pDNA extravasation occurred. More direct evidence was obtained using fluorescently labeled DNA injected into the femoral artery (condition 1 in Figure 3 ). The labeled DNA was distributed extravascularly in all the limb muscles and surrounded most of the myofibers (data not shown).
In conclusion, these results demonstrate that the intraarterial delivery of pDNA to muscle can be greatly Table 2 Percentage of myofibers expressing ␤-galactosidase among the different hindlimb muscle groups 2 days following intra-arterial injection with 475 g of pCILacZ per condition 6 in Figure 3 
Muscle group
Percentage of myofibers expressing ␤-galactosidase 
